Abstract The 50 % tissue culture infectious dose (TCID 50 ) is still one of the most commonly used techniques for estimating virus titers. However, the traditional TCID 50 assay is time consuming, susceptible to subjective errors and generates only quantal data. Here, we describe a colorimetric-based approach for the titration of Enterovirus 71 (EV71) using a modified method for making virus dilutions. In summary, the titration of EV71 using MTT or MTS staining with a modified virus dilution method decreased the time of the assay and eliminated the subjectivity of observational results, improving accuracy, reproducibility and reliability of virus titration, in comparison with the conventional TCID 50 approach (p \ 0.01). In addition, the results provided evidence that there was better correlation between a plaquing assay and our approach when compared to the traditional TCID 50 approach. This increased accuracy also improved the ability to predict the number of virus plaque forming units present in a solution. These improvements could be of use for any virological experimentation, where a quick accurate titration of a virus capable of causing cell destruction is required or a sensible estimation of the number of viral plaques based on TCID 50 of a virus is desired.
Introduction
Titration of viruses is a crucial step in any virological study, particularly where exact amounts of a virus need to be applied in experimental procedures such as testing efficacy of a potential antiviral drug [8] . The most common approaches to quantify a virus titer are based on either finding the 50 % end-point where 50 % of the infected test cells or animals die [12] , also well known as the 50 % tissue culture infectious dose (TCID 50 ), or directly counting plaques caused by virus in infected cells [5] . Other approaches may utilize polymerase chain reaction (PCR) [2, 7] , or reverse transcriptase (RT)-PCR [11] . Use of each method may be justified by defined circumstances; under the limitation of the virus and the cell type.
TCID 50 assay is traditionally referred to the algorithm used by Reed and Muench [12] , where they used a murine model to formulate a method for titration of a protective serum. Unlike the symptomatic animals in Reed and Muench's in vivo experiment, however, results of a classic TCID 50 assay are usually generated by microscopic observations of cytopathic effect (CPE), which is open to subjective errors, including misidentification of CPE within replications of a virus dilution and/or between different virus dilutions. In addition, the conventional TCID 50 method is unable to measure viral CPE as a quantitative phenomenon to be contributed to cells and proportional to virus dilution [8] . Furthermore, there are certain cells and viruses that do not show clear CPE, resulting in limited usefulness of conventional observation-based TCID 50 methods.
A number of solutions have been suggested to improve reliability and reproducibility of the traditional TCID 50 method, including the use of colorimetric methods that can generate continuous data as well as eliminate the need for observation of CPE, resulting in reducing subjective errors. Among these examples, the reagent MTT [3-(4, 5 -dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, a yellow tetrazole] has commonly been used for virus titration [1, 9, 13, 16] . Another such compound with a similar action is MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt;MTS(a)], although its use for the estimation of virus titers appears to be limited [4] .
Several viruses of the Picornaviridae family have been titrated using an MTT-based colorimetric method [1] ; however, the use of colorimetric methods has not been reported for the viral titration of Enterovirus 71 (EV71). The major aim of this study was, therefore, to establish a rapid and accurate technique to quantify EV71 titers. In addition, other conceptual issues, such as virus dilution, incubation times and number of wells used in both the conventional and colorimetric-based methods of TCID 50 were investigated. In addition, this study aimed to elucidate how the conventional and modified methods of TCID 50 correlate to a viral plaque forming assay.
Materials and Methods

Cell and Virus
Two EV71 strains were used for this study: a cloned isolate of EV71 strain 6F/AUS/6/99 (GenBank ID: DQ381846. 
Cell Seeding and Infection of Cell Cultures
Vero cells were seeded at 3 9 10 4 cells (150 lL/well) in 96-well plates or at 3.6 9 10 5 cells (3 mL/well) in 6-well plates (Becton-Dickinson, BD, North Ryde, NSW, Australia) followed by incubation at 37°C in a humidified atmosphere containing 5 % CO 2 until 80 % confluent. Before viral inoculation, or when quantifying the results, cell monolayers were thoroughly washed with phosphate buffered-saline (PBS, pH 7.4 at room temperature) three times. In all the experiments, the following controls were included: mock-infected control (cells that were not infected with the virus) and undiluted virus control (cells that were infected with the undiluted stock virus). The virus dilutions were made in DMEM ? 5 % FBS and added to cells in a total volume of 50 lL/well mixed with 100 lL of the growth media (DMEM ? 5 % FBS). Where stated, incubation was done at 37°C in a humidified atmosphere containing 5 % CO 2 .
Conventional TCID 50 Titration Assay
The conventional endpoint titration assay has been reported previously [12] . Briefly, virus was diluted 1:10 from which a further eight log 10 dilutions were made and added to cells in six replicates. The plates were then incubated for 72 h. After incubation, the wells were observed by an inverted microscope (Olympus Imaging Corp, China) and marked as ''positive CPE'' if cells had developed observable CPE in 30 % or more of the surface of the well, compared to both the undiluted virus controls and the mock-infected controls. Cells that did not show such conditions were marked as ''negative CPE''. Further calculations were conducted using the Reed-Muench formula [12] . In brief, a proportionate distance (PD) was calculated and then added to the log of the dilution factor at which the infection (dead cell percentage) was just over 50 %. The resulting value was considered as the TCID 50 log. In addition to the ReedMuench formula, the dead cell percentages were plotted against the virus dilutions on a log 10 scale. Then, the TCID 50 value was calculated using a regression analysis of the curve.
Modified Traditional TCID 50 Titration Assay
The above mentioned method was modified as follows: Initially, a 1:10 dilution of the virus stock was prepared and a further thirteen dilutions were made based on log 2 and added to cells in six replicates. Following incubation for 72 h, microscopic observations were preformed as stated above and the 50 % endpoint was calculated using a regression analysis of the curve.
The MTS-Based Endpoint Dilution Assay
Initially, a 1:10 dilution of the virus stock was prepared followed by a further eight log 2 dilutions and added to cells in triplicate. Plates were incubated for 72 h at which microscopic observations and virus quantification were performed. In order to quantify virus titration, the cell supernatant was aspirated and the monolayer was washed with PBS three times. Twenty microlitre of MTS reagent (Promega, VIC, Australia) mixed in 150 lL of serum-free DMEM was added into each well. After 90 min of incubation, the color change was measured using a Microplate Reader (BioRad, Japan) at 490 nm. The average absorbance of the mock-infected controls was considered as 100 % to which cell death percentages of each virus dilution were calculated [14] . The results were then graphed by plotting dead cell percentages against the virus dilutions. The 50 % infectivity point was calculated through a linear regression analysis of the curve.
The MTT-Based Endpoint Dilution Assay The method described above was used; 1:10 and a further thirteen dilutions were prepared, however, instead of MTS, 20 lL of MTT solution (Invitrogen, Mulgrave, VIC, Australia) (0.5 % w/v in PBS) was dissolved in 150 lL of serum-free DMEM and the mix was added into each well. The plates were then incubated for 3 h after which the formazane was dissolved with 50 lL/well of dimethyl sulphoxide (DMSO) followed by another 8 min incubation. Color change was then recorded using the Microplate Reader at 540 nm from which the background absorption at 670 nm was subtracted. Results were analyzed in the manner described above.
Virus Titration Via Plaquing Assay
The EV71 isolates were titrated through the typical plaquing assay [5, 10, 15] . Briefly, Vero cells were seeded in 6-well plates at 3.6 9 10 5 cells/well in 3 mL of the growth media and incubated until 80 % cell confluency was reached. Cells were then washed three times with PBS followed by infection with 1 mL/well of various virus dilutions in DMEM ? 5 % FBS. The virus dilutions were made based on the prediction of the number of plaque forming units (PFU) using a conversion formula: PFU (mL)/TCID 50 (mL) = 0.7 [3] . Then, the required dilution factor for producing 1,000 plaques per well from a 100 TCID 50 virus suspension was estimated followed by serial twofold dilutions. After 1 h of incubation, the viral inocula were aspirated followed by washing cells three times with PBS. Three milliliters of overlay media containing the growth media mixed with 3 % agarose gel (Ultrapure TM Agarose, Mulgrave, VIC, Australia, Invitrogen) at 1:4 (agarose gel : medium) ratio was then added to each well. The plates were incubated until the virus plaques were formed; they were then fixed by 10 % formaldehyde for one and half hours and the agarose plugs were removed. The monolayer was stained with one mL/well of the staining solution (0.4 % crystal violet, 1.67 % ethanol in water) and incubated for 8 min. The wells were then gently rinsed with water and air dried. The viral plaques were then counted and virus titer was measured in PFU/mL and multiplicity of infection (MOI), according to the following formula:
where V = volume of viral inoculum (per mL); N = number of the cells seeded in the well
Statistical Analysis
All of the treatments were applied in triplicate, and each experiment was independently repeated three times. Statistical analyses were performed using the unpaired independent two-sample t test (assuming equal variance).
Results
Traditional TCID 50
The cloned EV71 strain was titrated based on the traditional TCID 50 method, where visible cell shrinkage and rounding were considered symptoms of CPE by which further calculations were conducted. A traditional algorithm of titration estimated the TCID 50 to be 5.8 9 10 6 per mL (Table 1) , whereas linear regression analysis of the curve (Fig. 1 ) generated a 50 % endpoint value of 5.3 9 10 6 per mL ( Table 1) . The results of both approaches were found not to be statistically different (p [ 0.05).
Modified Traditional TCID 50
In order to improve the accuracy of the TCID 50 calculated using the traditional TCID 50 method, a lower magnitude dilution factor was used to carry out serial virus dilutions. The quantification of CPE was then done as described for the traditional TCID 50 , while the 50 % endpoint was measured only using the regression analysis of the curve (Figs. 2, 3) . The 50 % endpoint value was 5.5 9 10 4 for the cloned EV71, which showed a statistically significant difference (p \ 0.01) from that of traditional TCID 50 ( MTT reagents, microscopic observations were performed both before removing supernatant (Fig. 4a ) and after removing supernatant followed by washing the monolayer with PBS (Fig. 4b) to determine the amount of CPE in each well. For the observations prior to removing supernatant, indications of CPE such as cell rounding, shrinking or floating were seen in all wells in a virus dilution-dependent manner. Mock-infected controls appeared healthy, whereas the undiluted virus controls showed maximal CPE with few or no adhered cells. The microscopic analysis after removing the supernatant clearly showed the monolayer damage due to viral infection. The amount of damage to the monolayer in any sample corresponded to the amount of virus present; the undiluted virus controls showed the greatest damage to the monolayer, while the mock-infected controls displayed healthy monolayers. Both sets of images (before/after removing the supernatant) indicated that the degree of CPE or monolayer damage was associated with virus concentration. However, determination of the Cloned EV71 5.8 9 10 6 ± 2,150,000 5.3 9 10 6 ± 970,000 5.5 9 10 4 ± 21000 6.5 9 10 3 ± 3400 8.1 9 10 3 ± 3700
Clinically isolated EV71 -4.8 9 10 4 ± 14000 -8.7 9 10 3 ± 3200
The values are expressed as mean ± SD. The mean are taken from three independent experiments from which standard deviations (SD) were calculated a There was a significant difference with a p \ 0.01 between MTT or MTS-based TCID 50 and the traditional methods of TCID 50 . Also, the modified traditional method significantly (p \ 0.01) differed from the traditional methods Fig. 1 Depiction of the titer of the cloned EV71 virus using the conventional method of TCID 50 . The dead cell percentages are plotted against virus dilutions on a log 10 scale. The dilution factor 10 0 represents undiluted virus control that was assumed to display 100 % cell death. The values are means of three independent experiments from which standard deviations were calculated Fig. 2 Depiction of the titer of the cloned EV71 virus using three methods based on log 2 virus dilution. The dead cell percentages are plotted against virus dilutions on a log 2 scale. The dilution factor 2 0 represents undiluted virus control, which was assumed to display 100 % cell death in the modified traditional TCID 50 but was quantifiably calculated using MTT or MTS in the other methods. The values represent mean ± SD generated from three independent experiments Fig. 3 Depiction of the titer of the clinical EV71 virus using two methods based on log 2 dilution. The dead cell percentages are plotted against virus dilutions on a log 2 scale. The dilution factor 2 0 represents undiluted virus control, which was assumed to display 100 % cell death but was quantifiably calculated using MTT in the other method. The values are means of three independent experiments from which standard deviations were calculated monolayer damage and associating it with virus dilution was obviously more practicable in the wells following removal of supernatant and washing with PBS (Fig. 4a, b) .
Determination of the 50 % Endpoint: MTS-Based Titration
The color change caused by the addition of MTS was proportional to the number of healthy living cells. It was assumed that the mock-infected cell controls maintained a viable cell percentage of 100 %; this allowed a comparative calculation of the percentage of live cells in all other samples to be made. Using the quantifiable data generated by the MTS-TCID 50 assay, a graph was constructed by plotting the percentage of dead cells against the various virus dilutions (Fig. 2) . As expected, the undiluted virus controls showed the highest dead cell percentage (but not 100 %); while the number was decreased as the virus became more diluted up to dilution factor 10 9 2 7 . These findings were supported by microscopic observations. The MTS-generated results demonstrated a statistically significant difference (p \ 0.01) compared to those from both the conventional TCID 50 titration and the modified traditional TCID 50 assays ( Table 1) .
Determination of the 50 % Endpoint: MTT-Based Titration
Similar to MTS, the color change caused by the addition of MTT was proportional to the number of healthy living cells. A graph was constructed by plotting the various virus dilutions against the percentage of dead cell (Figs. 2, 3) . Using the regression analysis, the 50 % infectivity point was calculated. These findings were compatible with the microscopic observations (Fig. 4) . There was no significant difference (p [ 0.05) between the TCID 50 values measured by either colorimetric method when investigating the cloned EV71 virus. Therefore, in all future tests only MTT was used to titrate the clinical EV71, as it was more cost effective when compared to MTS. Using the MTT method, the TCID 50 values calculated for the clinical isolate of EV71 were not significantly different (p [ 0.05) from the cloned EV71 virus (Table 1) .
Titration Via Plaquing Assay
The EV71 plaques were extremely small yet detectable at day 2 post infection; in this test all plaques were counted at day 3 post infection. Plaque formation was noted at an earlier time-point when cells were infected with the cloned EV71 compared to the clinical EV71 infection, but there was no obvious difference between the size and the shape of the plaques noted (Fig. 5 ). In addition, there was no statistically significant difference (p [ 0.05) between the total numbers of plaques counted when cells were infected with 100 TCID 50 of either virus isolate (Table 2) .
A conventional method was used to predict the plaque numbers using the known TCID 50 PFU/TCID 50 = 0.7, based on the MTT-TCID 50 results [3] . The current results showed that this conversion formula was not true for either the cloned or clinical EV71 virus isolates, where the ratio of PFU/TCID 50 was found to be 0.04 for clinical EV71 and 0.07 for cloned EV71. These results showed that there was an obvious difference in the predicted number of plaques between the MTT-TCID 50 assay and the traditional TCID 50 assay, with the MTS assay being more accurate ( Table 2 ). The MOI values for both clinical and cloned EV71 were also calculated (Table 2 ) based on PFU values and the conditions of each experiment ( Table 2 ). There appeared to be no significant difference in the value calculated for either virus isolate (p [ 0.05).
Discussion
In this study, a thorough colourimetric-based method was developed to quantify the titration of EV71 strains. There was a statistically significant difference (p \ 0.01) between the TCID 50 amounts that resulted from the traditional method and that of the MTT or MTS methods. In addition, the described MTS or MTT-TCID 50 assay took only 5 days to reach completion. This allows for a more rapid analysis of large numbers of samples, as opposed to some of the previously described MTT methods, which took 7 days [6] or 8-10 days [4] from seeding the plates to completion. There was no significant difference in titration of the cloned EV71 strain between MTS and MTT methods (p [ 0.05). This being said, MTS dye has the advantage in that the formazane does not require solubilization, making the analysis procedure quicker that may, in turn, reduce well-to-well and assay-to-assay variability. However, MTT is advantageous in that it is more cost effective and more commonly used. Moreover, in this study no significant difference was noticed in variability between MTS and MTT-based EV71 titration.
The improved methods of TCID 50 reported here also have the advantage of being more sensitive, compared to the conventional method of TCID 50 . Most of the conventional, and even some colourimetric-based viral titration assays, utilize log 10 -based dilutions of virus. Use of log 2 dilutions can increase sensitivity of the virus titration by generating more analyzable data. It also narrows the range of virus dilutions that surround the 50 % endpoint that, in turn, would increase accuracy of calculation of the 50 % endpoint. One pitfall with log 10 -virus titration can be that if the 50 % endpoint of the virus occurs somewhere between . The photos are taken 72 h post infection using inverted microscope (9100 magnification, Olympus, CKX 41, Japan) two log 10 dilutions, the estimated 50 % point on the curve trendline would potentially be different from the actual value. This was well noted in this study while the TCID 50 values calculated using the conventional method was placed between virus dilution factors 10 5 -10 6 , this point was somewhere between 10 9 2 8 and 10 9 2 9 using the log 2 -based modified traditional method. It is of note that in the original work of Reed and Muench [12] , a log 2 -based dilution was used. Therefore, sensitivity and accuracy of a virus titration assay can be increased by making virus dilutions using a 1:10 starting dilution followed by log 2 dilutions.
Another point with the traditional assay of TCID 50 is the use of six replicates at each virus dilution. This would not necessarily increase accuracy of the assay; instead, it might even generate additional undefined errors. The reason lies in the fact that the conventional TCID 50 relies on microscopic observations; and thus, the total subjective errors due to wrong CPE scoring can raise as the number of individual wells increases per sample. By contrast, this is not the case with the MTT or MTS methods where the virus is diluted using a log 2 basis.
Previously, it was reported that the use of MTS in viral assays led to more variability in the results [4] . We would speculate that this might be due to some cells being in the early stages of infection, where they are damaged and detached but not yet dead, which would lead to false positive results and a low specificity of MTS. Due to this observation, removal of supernatant and thorough washing of the monolayer with PBS before addition of MTS reagent was performed in order to remove any unbound cells and eliminate this error. Thus, in the results presented here, MTS showed high specificity and produced results that were more consistent.
In this study, the relationship between PFU and TCID 50 was found to be different from the one commonly used by The MTT-based virus titration was used to measure 100 TCID 50 on samples of cloned EV71 and clinically isolated EV71 that were directly used in the plaquing assays mentioned in this table b The actual values of PFU were generated from the plaquing assays (mean ± SD) based on the 100 TCID 50 virus samples, while the predicted PFUs were calculated using the conversion factor 0. researchers (PFU/TCID 50 = 0.7), and this was found to be different between two strains of EV71 as well. This would possibly suggest that there is no accurate, fixed conversion factor to estimate PFU based on a TCID 50 value of a virus sample. However, the plaquing assay demonstrated that both PFU and MOI amounts of both strains of EV71 virus were more compatible with the corresponding TCID 50 amounts resulting from MTT or MTS than the traditional methods. Therefore, the plaquing assay results support the conclusion that MTT or MTS-based TCID 50 is more accurate and reliable compared to traditional methods of TCID 50 . Given a virus produces both viral plaques and CPE, one could use either plaquing assay or the improved TCID 50 assay, depending on the purpose of titration. However, when working with an unknown titer sample of virus, the results of this study suggest performing a MTTbased TCID 50 in order to attain a general picture of the virus infectivity strength and the extent to which the virus should be diluted. The TCID 50 information would enable the researcher to predict the number of plaques for any infective dilution of the virus.
In conclusion, use of the log 2 -based MTS or MTT endpoint dilution reported here is concluded to increase reliability, sensitivity, and reproducibility of the EV71 titration analysis and reduce the time involved compared to the conventional method. Although established for titration of EV71, the improved method of TCID50 can also be used for other viruses to solve the common conceptual and mathematical problems of the traditional TCID 50 and improve upon the colourimetric-based titration methods currently in use. Thus, it could play a key role in any viral experimentation that needs accurate, quick, and costeffective titration of CPE-generating viruses. Notably, this improved method would be useful for viruses for which antiviral compounds are increasingly sought after, including EV71, as it is a requisite for researchers to ensure that a consistently accurate and quantified titre of the virus is used in any step of their research.
